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The pathogenicity of rotaviruses depends on multiple viral and host factors. In this review the evidence for the involvement
of a number of viral genes in the ability to cause disease is presented. Different genes are of importance in different
rotavirus–host systems: there is no single pathogenicity factor. q 1996 Academic Press, Inc.
Rotaviruses comprise a genus of the Reoviridae family The terms pathogenicity and virulence are often used
as synonyms in the literature (Mims and White, 1984;and are a major cause of acute viral gastroenteritis in
infants and the young of many animal and bird species Sweet and Smith, 1990). Here we define pathogenicity in
rotaviruses as the ability to cause disease (diarrhoea).(Kapikian and Chanock, 1990). It has been estimated that
they are responsible for at least 850,000 deaths per year, Virulence describes the capacity of a virus to cause dis-
ease, compared to other closely related viruses (Tyler andlargely in developing countries (Institute of Medicine,
1986). The rotavirus virion consists of a core containing Fields, 1990). Virulence and pathogenicity depend on a
number of viral and host factors (viral: dose, capacity toVP1, VP3, and 11 segments of double-stranded RNA, sur-
rounded by an inner capsid consisting of VP2, a middle spread between hosts, capacity to spread in specific cell
populations (tropism), capacity to cause damage; host:capsid consisting of VP6, and an outer capsid made up
of a glycoprotein (VP7) and a spike protein (VP4) (Shaw presence of viral receptors, age, immune status, nutritional
status, genetic background). In the following we will at-et al., 1993; Yeager et al., 1994).
The genomes of several rotavirus strains have been tempt to review what is known about the interplay of differ-
ent factors in determining rotavirus pathogenicity. Thesequenced completely and firm gene-protein assign-
ments made (Estes and Cohen, 1989; Desselberger and term host restriction is used to describe the inability of a
particular virus to infect a particular host species.McCrae, 1994; Mattion et al., 1994). Using sequence and
Rotaviruses infect mature enterocytes in the mid andserological data, rotaviruses have been divided into six
upper villous epithelium of the host’s small intestine (Da-groups (A–F). The vast majority of rotavirus infections of
vidson et al., 1975; Holmes et al., 1975; reviewed byhumans involve group A viruses. Within group A several
Greenberg et al., 1994). The virus has also been foundsubgroups have been distinguished (Hoshino and Kapi-
in goblet cells, epithelial endocrine cells, and macro-kian, 1994). Group and subgroup specificities are deter-
phages in the lamina propria (Suzuki and Konno, 1975;mined by VP6 epitopes. At least 14 different VP7-specific
Phillips, 1981, 1989). Infected cells are distinguishable byand over 20 different VP4-specific serotypes (or geno-
the presence of enlarged cisternae of the endoplasmictypes where complete serology is missing; Sereno and
reticulum and fewer, shorter microvilli (Holmes et al.,Gorziglia, 1994) have been distinguished among group
1975; Suzuki and Konno, 1975; Phillips, 1989). EpithelialA rotaviruses (Hoshino and Kapikian, 1994; Taniguchi
cells are killed and sloughed off, resulting in stunting ofet al., 1994). VP7-specific types are termed G types (G
the villi. The ensuing maladsorption contributes to thedelineated from glycoprotein) and VP4-specific types are
diarrhoea typical of symptomatic rotavirus infection.termed P types (P delineated from protease-sensitive
Compensatory crypt cell hyperplasia from where lost vil-protein) (Estes and Cohen, 1989). Various G and P types
lous epithelium is replaced is accompanied by hyperse-have been found both in man and in animals (Hoshino
cretion, a further diarrhoeogenic factor. It has also beenand Kapikian, 1994).
postulated that changes in microcirculation associated
with ischaemia and subsequent structural changes in the1 Present address: Department of Microbiology and Immunology,
villi of infected hosts play a role in rotavirus pathogenesisUniversity of Leicester, Leicester LE1 9HN, UK.
2 To whom reprint requests should be addressed. (Starkey et al., 1986; Stephen, 1989).
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TABLE 1Alteration of Na/, K/, and Ca2/ homeostasis is known
to occur in rotavirus-infected MA104 cells in culture and Properties Associated with Rotavirus VP4
may contribute to the symptoms observed during rotavi-
Restriction of growth in cell culture Greenberg et al. (1983)rus disease (Del Castillo et al., 1991; Michelangeli et al.,
Ramig and Galle (1990)1991). Studies on Sf9 insect cell cultures infected with
Haemagglutination Kalica et al. (1983)recombinant baculoviruses expressing rotavirus NSP4
Mackow et al. (1989)
(NS28) indicate a possible role for this protein in mediat- Fiore et al. (1991)
ing Ca2/ release from the endoplasmic reticulum (Tian Protease-enhanced infectivity and
plaque formation Espejo et al. (1981)et al., 1994, 1995).
Estes et al. (1981)Subclinical and inapparent rotavirus infections also oc-
Clark et al. (1981)cur. Many such infections are believed to be asymptom-
Kalica et al. (1983)
atic, owing to host factors such as immunologic memory Chen et al. (1992)
from prior exposure to rotaviruses. In addition, age-de- Binding to cellular receptors Ruggeri and Greenberg (1991)
Bass et al. (1991)pendent resistance to disease has been reported: gnoto-
Penetration into cells Clark et al. (1981)biotic calves over 1 week old were resistant to disease
Suzuki et al. (1985)(but not infection) caused by two isolates which produced
Fukuhara et al. (1988)
disease in animals less than 1 week old (Bridger, 1994). Kaljot et al. (1988)
However, in other experiments using gnotobiotic calves Virulence in mice Offit et al. (1986)
Host range restriction Kantharidis et al. (1988)(Bridger and Pocock, 1986) and piglets (Bridger et al.,
Lopez et al. (1991)1992), clear evidence has been obtained of viral strains
Pathogenicity in neonates Gorziglia et al. (1988)which are apathogenic in fully susceptible animals. The
Das et al. (1993)
exact molecular mechanisms underlying the ability of Gentsch et al. (1993)
these viruses to replicate apathogenically, often yielding Pathogenicity in pigs Bridger et al. (1992)
Burke et al. (1994a,b)faecal infectivity titres similar to those produced by
Hoshino et al. (1993, 1995)pathogenic strains (Bridger et al., 1992), are not known.
However, there is evidence that, in calves at least, low-
pathogenicity rotavirus strains which cause subclinical
infections may show preferential colonisation of the prox- isolated from asymptomatic human neonates showed
that they possessed one of two distinct alleles of VP4,imal small intestine, whereas high-pathogenicity strains,
giving rise to diarrhoea, infect the whole small intestine the outer capsid spike protein coded for by gene 4 (Gor-
ziglia et al., 1988; Das et al., 1993; Gentsch et al., 1993),(Reynolds et al., 1985; Hall et al., 1988, 1993).
The study by Hall et al. (1993) also detected differ- leading to the suggestion that these VP4 alleles are re-
sponsible for apathogenicity. However, other studiesences in the rate of replication and in cytopathicity be-
tween pathogenic and apathogenic bovine rotavirus have reported the presence of rotavirus strains with a
VP4 similar to that of one of the putatively apathogenicstrains. In a study of two porcine rotaviruses in gnotobi-
otic piglets, the pathogenic strain was excreted 1 to 2 human nursery strains (M37) in both symptomatic and
asymptomatic children (Steele et al., 1993; Santos et al.,days earlier than the apathogenic strain (Bridger et al.,
1992), strengthening the hypothesis that rate of replica- 1994).
VP4 is involved in a number of in vitro properties in-tion may affect pathogenicity. Hall et al. (1993) suggested
that rapidly replicating rotaviruses may outstrip the ability cluding restriction of growth in cell culture, protease en-
hanced infectivity and plaque formation, and binding toof the intestine to replace damaged cells, resulting in
disease. and entry into cells (Table 1). In addition, VP4 has been
shown to be involved in the determination of virulenceEvidence has been presented of the possible exis-
tence of apathogenic ‘‘nursery strains’’ strains in human and pathogenicity in mice (Offit et al., 1986). These work-
ers produced genome segment reassortants betweenneonates (Gorziglia et al., 1988; Das et al., 1993; Gentsch
et al., 1993). The apathogenicity of the human nursery two heterologous strains (the bovine NCDV and simian
SA11 strains), which differed 50-fold in the dose requiredisolates is not fully proven, and host-specific factors such
as the effect of maternal antibodies or differences in to cause diarrhoea in 50% of infant mice (DD50 ), and
showed that the origin of the VP4 gene determined theintestinal structure or function in neonates have not been
completely ruled out as contributing factors. Rotavirus DD50 . However, it should be noted that the DD50 values
of both these heterologous viruses were much higherstrains with low pathogenicity in humans have been pro-
duced in cell culture and have been tested as possible than those of homologous mouse rotavirus strains.
Bridger et al. (1992) tested the pathogenicity of twovaccine candidates (reviewed by Bishop, 1993, and Vesi-
kari, 1993). porcine rotavirus variants, 4F and 4S, by carrying out
serial passage in gnotobiotic piglets. Variants 4F and 4SMolecular investigations of naturally occurring strains
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share almost identical NSP1 (NS53), VP6, and VP7 genes, 1989), strain 69M (VP4 genotype 10; Qian and Green,
1991), strain HCR3 (genotype 3; Li et al., 1993), and strainbut have very different VP4 genes, showing only 67.2%
nucleotide homology (Burke et al., 1994b). During serial Ro1845 (proposed new VP4 genotype; Nakagomi et al.,
1993a). The VP4s of these strains most closely resemblepassage variant 4F became extremely pathogenic
(Bridger et al., 1992), whereas the 4S variant remained those of animal rotaviruses, implying that they are of
animal origin and have crossed the species barrier eitherapathogenic. Sequence analysis of the VP4 gene of vari-
ant 4F after serial passage showed the occurrence of an by reassortment with a human strain or by direct trans-
mission to humans.amino acid change at position 469. The relative preva-
lence of virus carrying the mutated VP4 gene correlated The relative frequency of the isolation of strains car-
rying the K8-like gene 4, in two countries (Japan andclosely with pathogenicity (Burke et al., 1994a). Recently,
a single-gene reassortant carrying the mutated VP4 gene Italy) over a period of 14 years (Nakagomi et al., 1993b),
suggests continuing interspecies transmission and pos-of the pathogenic 4F strain in the genetic background of
the apathogenic 4S variant has been produced and sible genetic exchanges between rotaviruses of humans
and cats, since K8 has a VP4 which is almost identicalshown to be pathogenic, indicating that in this virus –
host combination VP4 is the major determinant of patho- to those carried by rotaviruses isolated from cats in Japan
and Australia (Nakagomi et al., 1993b). It would be rea-genicity (Tauscher, Bridger, and Desselberger, manu-
script in preparation). sonable to speculate that other instances of transmission
between humans and domestic or farm animals are pos-VP4 genes segregate into broadly species-specific
groups in pairwise sequence comparison dendrograms sible. Interspecies transmission and gene reassortment
amongst rotaviruses have been implicated in the genera-(Lopez et al., 1991; Burke et al., 1994b), supporting the
hypothesis of Kantharidis et al. (1988) and Lopez et al. tion of strains with reduced pathogenicity. The VP4s of
strains isolated from asymptomatic human neonates are(1991) that gene 4 may be involved in rotavirus host re-
striction. The host range of individual rotavirus strains is most closely related to the VP4 of the porcine Gottfried
strain (Gorziglia et al., 1990) or the VP4 of the bovinequite limited, with heterologous strains either failing to
give rise to productive infections or, in the mouse model, B223 strain (Das et al., 1993; Gentsch et al., 1993), and
the VP4 of the apathogenic porcine strain PRV 4Shaving diarrhoea-causing doses up to 106-fold higher
than homologous strains (Offit et al., 1984, 1986; Ramig, (Bridger et al., 1992) is most closely related to that of the
bovine UK strain (Burke et al., 1994b).1988; Broome et al., 1993). The RNA–RNA hybridisation
studies of Schroeder et al. (1982), Flores et al. (1986), Pathogenicity and virulence are complex characteris-
tics, and strong evidence has emerged that they are influ-and Nakagomi and Nakagomi (1991) further suggest that
barriers exist between rotaviruses infecting different spe- enced by genes other than that coding for VP4. In experi-
ments carried out using reassortants made by coinfect-cies. However, interspecies infections have been pro-
duced in the laboratory (Middleton et al., 1975; Mebus ing mice with a virulent mouse strain, EDIM-RW, and a
simian strain which has low virulence in mice, RRV, theet al., 1976; Gouvea et al., 1986) and observed in nature
(Nakagomi et al., 1990; Nakagomi and Nakagomi, 1991). structural proteins were found not to be determinants of
the ability to cause disease at low doses and to spreadThe hypothesis that VP4 may be involved in these spe-
cies barriers is strengthened by the finding that of the in neonatal mice (Broome et al., 1993). One possible
explanation for the complete lack of association between21 VP4 genotypes known at present (Taniguchi et al.,
1994) only 2 (genotypes 4 and 8) have been commonly the origin of VP4 and the virulence of EDIM-RRV reas-
sortants in mice could be that the block to the growth offound in rotaviruses isolated from symptomatic humans,
implying that certain VP4s may be associated with vi- certain reassortants in mice occurs during replication
and assembly of progeny virions rather than at the stageruses occurring in particular hosts, as suggested by
Kantharidis et al. (1988). The situation is similar in strains of cell binding and entry. In keeping with this idea, the
genes coding for the nonstructural proteins NSP1 (NS53)isolated from animals, in that the number of different P
type strains commonly isolated from individual species and NSP2 (NS35), which are believed to be involved in
viral replication at various stages of morphogenesis (Gal-is small. For example, the majority of isolates from piglets
on several continents belong to one of two VP4 geno- legos and Patton, 1989), were implicated in virulence in
mice in the study by Broome et al. (1993). In all high-types, the OSU-like (genotype 7; Nishikawa and Gorzig-
lia, 1988) or the Gottfried-like types (genotype 6; Gorziglia virulence reassortants both of these genes were derived
from the EDIM-RW parent. However, one low-virulenceet al., 1990), although a third genotype has been reported
in strain MDR-13, isolated in Australia (genotype 13; Hu- reassortant also had NSP1 and NSP2 genes derived from
the virulent EDIM-RW parent strain (Broome et al., 1993).ang et al., 1993).
Viruses with VP4 genotypes other than 4 and 8 have Nonrandom segregation of the NSP1 gene in other
previous reassortment studies has also implicated NSP1occasionally been isolated from symptomatic humans,
including strain K8 (VP4 genotype 9; Taniguchi et al., in the determination of growth characteristics. An in vitro
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TABLE 2analysis of reassortants between the simian strains SA11
and RRV generated in vitro and in vivo (in mice) showed Rotavirus Genes Associated with Pathogenicity in Different Hosts
selection in favour of the SA11 NSP1 gene over that of
Gene GeneRRV (Gombold and Ramig, 1986). Nonrandom segrega-
segment product Host Referencetion of the NSP1 gene has also been observed in reas-
sortment studies carried out in vitro (Allen and Dessel-
3 VP3 Pig Hoshino et al. (1993, 1995)
berger, 1985; Graham et al., 1987; Xu and Woode, 1994). 4 VP4 Mouse Offit et al. (1986)
These data are suggestive of selective pressures in fa- Man Gorziglia et al. (1988)
Pig Bridger et al. (1992)vour of different NSP1 genes in different circumstances.
Hoshino et al. (1993, 1995)Xu and Woode (1994) suggested that the rotavirus strains
Burke et al. (1994a,b)isolated from asymptomatic human neonates in India,
5 NSP1 (NS53) Mouse Broome et al. (1993)
which have a number of bovine genes (Das et al., 1993; 7 NSP2 (NS35) Mouse Broome et al. (1993)
Gentsch et al., 1993), and at least one of which has an 9 VP7 Pig Hoshino et al. (1993, 1995)
10 NSP4 (NS28) Pig Hoshino et al. (1993, 1995)NSP1 gene typical of human viruses, may have been
Mouse, rat Ball et al. (1995, 1996)aided in their spread through the human population by
their NSP1 genes.
Given the apparent role of NSP1 in the assembly of
virions (Gallegos and Patton, 1989), and that the protein toneally or intraduodenally into 6- to 10-day-old mice and
rats. This effect was blocked by mixing NSP4 with aappears to associate with cellular proteins during this
process (Mattion et al., 1992), the putative influence of the specific antibody prior to inoculation (Ball et al., 1995,
1996). Extending previous work on intracellular Ca2/ re-protein on the phenotypic characteristics of rotaviruses
could possibly be mediated by different levels of effi- lease in NSP4-baculovirus recombinant infected insect
cells (Tian et al., 1994, 1995), Ball et al. (1996) demon-ciency of progeny virion assembly, or some other aspect
of replication, in different cell types. Interestingly, the strated on isolated intestinal mucosa that the NSP4 pep-
tide potentiated chloride secretion by a Ca2/ dependentNSP1 gene, which is the most variable rotavirus gene,
seems to cluster loosely on the basis of species of origin signaling pathway, i.e. it acted like a viral enterotoxin.
From the data reviewed here a number of conclusionsin sequence comparison dendrograms (Hua et al., 1993;
Dunn et al., 1994). However, a recent extensive phyloge- can be drawn. The genes coding for NSP1 and NSP2
which were found to be associated with pathogenicity innetic analysis of NSP1 gene sequences indicates that
the relationship between NSP1 type and species of origin the mouse model of Broome et al. (1993) were not im-
portant for pathogenicity in gnotobiotic piglets (Hoshinois not absolute (Xu et al., 1994). Another report has cast
some doubt on the possible role of NSP1 in the determi- et al., 1993, 1995). The VP7 gene, implicated (in addition
to those coding for VP3, VP4, and NSP4) by Hoshino etnation of pathogenicity: Palombo and Bishop (1994)
showed that at least three distinct alleles of NSP1 occur al. (1993, 1995), was not important in determining the
pathogenicity of the porcine variants 4F and 4S, whichamongst strains isolated from asymptomatic neonates.
Hoshino et al. (1993, 1995) made a major effort to have VP7s differing by only one amino acid (Bridger et
al., 1992; Burke et al., 1994b). This is not necessarily indetermine the contribution of different genes to pathoge-
nicity in gnotobiotic piglets. They produced single-gene contradiction to the data of Hoshino et al., since in their
studies reassortants between homologous (SB-1A) andreassortants between a porcine rotavirus strain which is
pathogenic in piglets (SB-1A) and a human strain which heterologous (DS-1) strains were compared for pathoge-
nicity, making it understandable that more than one geneis not (DS-1). The reassortants each carried a single DS-
1 gene in a background of 10 SB-1A genes, allowing the from the homologous strain would be required to pro-
duce pathogenicity.effect of every gene to be tested separately. Virus doses
of 106 PFU were administered orally to 5- or 6-day colos- No single gene determines rotavirus pathogenicity un-
der all circumstances; it appears that the gene or genestrum-deprived gnotobiotic piglets. It was shown that mo-
noreassortants of SB-1A in which the genes coding for responsible vary from strain to strain and host to host.
The overall genetic constellation of a rotavirus deter-VP3, VP4, VP7, or NSP4 (NS28) were replaced by the
corresponding gene from DS-1 had lost pathogenicity. mines its growth properties and pathogenicity in a partic-
ular host. This is similar to the situation found in otherInversely, pathogenicity could be conferred upon the DS-
1 strain by the reassortment into it of all 4 of these SB- virus families, for example, influenza viruses (Scholtissek
et al., 1979; Rott et al., 1979; Schulman, 1983). It is con-1A genes. However, reassortants carrying only 1, 2, or 3
of these SB-1A genes were not pathogenic. ceivable that any of the 11 rotavirus genes could be a
determinant of the pathogenicity of a particular strain inRecently it has been shown that free NSP4 and a pep-
tide derived from it (amino acids 114–135) are able to a particular host. To date the genes coding for VP3, VP4,
VP7, NSP1, NSP2, and NSP4 have been associated withinduce dose-related diarrhoea when inoculated intraperi-
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